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We investigated the influence of oxygen over-stoichiometry on apical oxygen disorder and magnetic correlations in Nd2NiO4+δ (δ ~ 0.11) in the temperature range of 2-300 K by means of synchrotron x-ray powder diffraction, neutron single crystal and powder diffraction studies, combined with macroscopic magnetic measurements. In the investigated temperature range, the compound crystalizes in a tetragonal commensurate structure with the P42/ncm space group with excess oxygen atoms occupy the 4b (¾ ¼ ¼) interstitial sites, coordinated by four apical oxygen atoms. Large and anisotropic thermal displacement parameters are found for equatorial and apical oxygen atoms, which are strongly reduced on an absolute scale compared to the Nd2NiO4.23 phase. Maximum Entropy analysis of the neutron single crystal diffraction data uncovered anharmonic contributions to the displacement parameters of the apical oxygen atoms, toward the nearest vacant 4b interstitial site, related to the phonon assisted oxygen diffusion mechanism. Macroscopic magnetization measurements and neutron powder diffraction studies reveal long-range antiferromagnetic ordering of the Ni-sublattice at TN ~ 53 K with a weak ferromagnetic component along the c-axis, while the long-range magnetic ordering of the Nd-sublattice occurs below 10 K. Temperature dependent neutron diffraction patterns show the appearance of a commensurate magnetic order at TN with the propagation vector k = (100) and the emergence of an additional incommensurate phase below 30 K, while both phases coexist at 2 K. The commensurate magnetic structure is best described by the P42/nc′m′ Shubnikov space group. Refined magnetic moments of the Ni and Nd-sites at 2 K are 1.144(76) μB and 1.632(52) μB respectively. A possible origin of the incommensurate phase is discussed and a tentative magnetic phase diagram is proposed. INTRODUCTION Perovskite-type layered rare earth Ruddlesden-Popper nickelates with the chemical formula Ln2NiO4+δ (Ln: La, Pr, Nd) exhibit high oxygen mobility down to moderate temperatures [1] [2] [3] [4] [5] . Therefore, they are promising materials for technological devices such as solid oxide fuel cells, oxygen membranes, sensors, etc. [6] [7] [8] [9] . They are also a special class of materials into which oxygen ions can be intercalated reversibly even at ambient temperature using electrochemical methods [10, 11] and the oxygen over-stoichiometry (δ) can be tuned between 0 ≤ δ ≤ 0.25. The crystal structure of these compounds consists of NiO2 layers, which are interspersed between Ln2O2 rock salt type layers along the long axis (c-axis) of the unit cell ( Fig. 1 ). Intercalated extra oxygen atoms are located inside the rock-salt layer in a tetrahedral site, coordinated by four apical oxygen atoms (Oap) of two adjacent NiO6 octahedral layers. In these materials, oxygen diffusion proceeds at already moderate temperatures via the apical and vacant interstitial oxygen sites, triggered by low energy phonon modes [12] [13] [14] [15] . In this context, large and anharmonic thermal displacement factors were found for apical oxygen atoms of Pr2NiO4+δ and its Nd homologue towards the [110]-direction at room temperature, with respect to the average tetragonal F4/mmm unit cell [16] . These displacements of the apical oxygen atoms are induced by the presence of interstitial oxygen atoms, creating specific low energy phonon modes, triggering oxygen diffusion down to ambient temperature [12, 13, 17] . The presence of interstitial oxygen atoms is important, as it yields a symmetric increase of the Oint(Oap)4 tetrahedra, shifting the Oap atoms towards adjacent vacant interstitial sites, thus creating a shallow energy diffusion pathway between apical and interstitial oxygen sites [16] .
This highly anisotropic oxygen diffusion process is essentially different from the thermally activated classical hopping process with more isotropic character, for which elevated energy barriers for oxygen diffusion are difficult to overcome at ambient temperature [15] .
Our present work focuses on the Nd2NiO4+δ compound, with the aim to better understand the underlying oxygen diffusion mechanism as a function of δ, but also to correlate to changes of the physical properties, i.e. changes in the magnetic properties with oxygen and thus hole doping concentration. The structural phase diagram of Nd2NiO4+δ as a function of δ is complex, as previously revealed by x-ray and neutron diffraction studies [10, [18] [19] [20] [21] [22] [23] [24] [25] [26] . Stoichiometric Nd2NiO4.0 adopts at 300 K the low-temperature orthorhombic (LTO) phase, with Bmab space group. The structural distortion associated with the LTO phase involves systematic canting of NiO6 octahedron around the crystallographic b-axis axis. A first order structural phase transition occurs on cooling at 130 K from the LTO phase towards a low temperature tetragonal (LTT) phase with P42/ncm space group [25] . The tilting axis of the NiO6 octahedra changes from the [100]-towards the [110]-direction. Contradictory observations are, however, reported regarding the crystal structure of moderately oxygen doped phases [10, 18, 19, 22] . A biphasic model (Fmmm + Pccn) was proposed for 0.1 < δ < 0.15 while an orthorhombic Pccn phase is reported for 0.067 ≤ δ ≤ 0.10 [18] . In another study, a two phase structural model (Bmab+I4/mmm) for δ < 0.07 and a single tetragonal I4/mmm phase with δ = 0.07 was reported [21] . Just recently, a single phase tetragonal P42/ncm crystal structure is proposed for the homologous Pr2NiO4+δ phase at room-temperature for 0.07 ≤ δ ≤ 0.1 based on in-situ neutron powder diffraction measurements during electrochemical oxidation/reduction [10] .
In this work we focus on the LTT phase of Nd2NiO4+δ with δ ~ 0.11, rendering formally ¼ of the Ni-atoms in a three-valent oxidation state. This is not only interesting in terms of related electronic properties, but also with respect to the tetragonal symmetry, which is usually observed for much lower δ only. Structure analysis is carried out combining high-resolution xray powder diffraction studies with high-resolution neutron powder diffraction in the temperature range of 2-300 K. In addition, we report on high-resolution single crystal neutron diffraction studies to explore the influence of additional oxygen atoms on apical oxygen disorder scenario in Nd2NiO4.11 at ambient and low temperatures.
Undoped Nd2NiO4 shows G-type antiferromagnetic order of Ni 2+ below TN = 320 K with a propagation vector k = (100), with oriented spins parallel to the a-axis [25] . In the LTT phase below 130 K, the spin direction of Ni 2+ changes toward the [110]-direction with a weak ferromagnetic component along the c-axis. Furthermore, polarization of the Nd 3+ ions occurs at temperatures as high as 70 K while cooperative long-range antiferromagnetic ordering of the Nd 3+ ions takes place below 8 K. Incorporation of additional oxygen atoms frustrates antiferromagnetic superexchange interaction and destroys the long-range commensurate magnetic order at larger doping concentration. Consequently, the oxidized Nd2NiO4.23 phase does not possess any static magnetic order down to 1.5 K [22, 24] . Complex spin ordering schemes are reported for oxygen doped La2NiO4+δ phases [28] [29] [30] [31] in which the magnetic order changes from commensurate Néel type to incommensurate stripe order at δ ~ 0.116 [32] .
However, a clear understanding on the subtle changes in magnetic interactions induced by small changes of δ is still lacking for the Ln2NiO4+δ phases (Ln = Pr, Nd). In addition, anomalous suppression of superconductivity and evidence for static stripe order associated with the unique lattice distortion of LTT structure has been discovered in a crystal of La1.6-xNd0.4SrxCuO4 with x = 0.12 [33] . Therefore, in this work, we explore the magnetic properties of the moderately oxygen doped LTT phase of Nd2NiO4+δ with δ ~ 0.11 by means of neutron powder diffraction measurements coupled with macroscopic magnetic studies.
II. EXPERIMENTAL METHODS
Polycrystalline samples were prepared by the classical solid-state reaction route at high temperature starting from stoichiometric Nd2O3 and NiO powders (99.9% purity, Alfa Aesar).
Nd2O3 was annealed in air at 1173 K overnight to remove any hydroxide traces prior to the synthesis. Mixed starting materials were finely ground, and calcined for 12 h at 1523 K in air.
This step was repeated twice with intermediate grinding and pelletizing. When prepared under air at high temperature, the overall δ value in the as-grown powder sample is ~ 0.22-0.25 [30] .
Therefore, the final powder sample with reduced oxygen non-stoichiometry was achieved by reduction of the as-prepared sample in vacuum (10 -3 mbar) at 1073 K for 48 h.
The overall oxygen content was determined by thermogravimetric analysis in 5%-H2/95%-He gas atmosphere in the temperature range of 300-1250 K (see Fig. S 
-1 in the Supplemental
Material at [35] ). The measurement was carried out on a NETZSCH STA 449C analyzer equipped with PFEIFFER VACUUM ThermoStar mass spectrometer. The sample was fully decomposed into Nd2O3 and metallic Ni at high temperature. From the weight loss, the average δ value in the reduced powder sample was determined to be 0.11 (2) . In the following, we designated the corresponding sample as Nd2NiO4.11. Synchrotron x-ray powder diffraction (SXRPD) measurements were performed at different temperatures in between 5 and 300 K at the Material Sciences (MS) beamline X04SA at the Swiss light source of the Paul Scherrer Institute (PSI), Switzerland [36] . Measurements were performed with a nominal photon energy of 17.5 keV. The exact wavelength (λ = 0.6208(1) Å) and instrumental resolution parameters were determined from a standard LaB6 powder (NIST), measured under identical experimental conditions. Data were collected in the range of 3˚ ≤ 2θ ≤120˚ with a step size of 0.0036˚. Samples were filled into a thin glass capillary of 0.3 mm diameter and cooled with liquid He in a Janis Cryostat. During data collection, the sample was continuously rotated to reduce the effect of preferred orientation. Neutron powder diffraction (NPD) patterns were collected at variable temperatures on the thermal neutron diffractometer HRPT (λ = 1.4940(2) Å) [37] and on the cold neutron diffractometer DMC (λ = 2.4586(3) Å) [38, 39] at PSI. The powder sample was mounted using a thin-walled vanadium can of diameter 8 mm. The sample was cooled in a top-loading 3 He cryostat achieving temperatures down to 1.7 K. All powder patterns were analyzed by Rietveld method using the FullProf suite program [40] .
The dc magnetic susceptibility (both zero-field-cooled and field-cooled) measurements were performed as a function of temperature during the slow heating of the sample from 2-320 K with an applied magnetic field of 1 Tesla using the Magnetic Property Measurement System (MPMS) at Laboratory for Scientific Developments and Novel Materials (LDM), PSI.
Isothermal magnetization measurements were performed as a function of applied magnetic field with decreasing fields from 9 T using the Physical Property Measurement System (PPMS)
at LDM, PSI.
The single crystal sample was grown from the corresponding powder rods as described elsewhere [34] . A small section (~ 200 mg) was cut and separately reduced in vacuum as previously described for the powder sample. Single crystal neutron diffraction measurements were performed on the hot-neutron four-circle diffractometer HEiDi (equipped with a point detector) at the Heinz Maier-Leibnitz Zentrum (MLZ) at the FRM-II reactor in Garching, Germany [41] . A short wavelength (λ = 0.793(1) Å) was used for data collection up to high momentum transfers (q = sinθ/λ ~ 0.9 Å -1 ). P-type reflections of (-hkl) and (hkl) type were measured covering two quadrants of the Ewald sphere. Integrated intensities of totally 1291
and 1121 structural Bragg reflections were collected at 300 K and 55 K, respectively. Leastsquare refinements of the single crystal data were carried out using the JANA2006 software package [42] . Nuclear densities were reconstructed in real space through the Maximum Entropy Method (MEM) [43, 44] via the DYSNOMIA program [45] using the limited-memory BFGS optimization algorithm [46] . Crystal structure and nuclear density maps were visualized with the VESTA software suite [41, 42] .
III. RESULTS AND DISCUSSION

A. Crystal structure and oxygen disorder
The room-temperature SXRPD pattern of Nd2NiO4.11 is shown in Fig. 2 shift of the Oap, as presented in Fig. 1(b) . Extracted values of α1 at 300 K and 2 K are 9.3˚ and 9.6˚, respectively. For the corresponding LTT structure of stoichiometric Nd2NiO4.0 [25, 49] , the respective tilt angle was found to be 10.3˚ at 2 K. The LTT-type tilt pattern generates two different sets of equatorial oxygen atoms, Oeq1 atoms at basal plane while Oeq2 atoms are slightly displaced along the c-axis. Such a displacement of Oeq2 atoms, further characterized by the angle α2, lifts the center of inversion between the two in plane magnetic Ni 2+ ions that consequently induces an antisymmetric Dzyaloshinskii-Moriya (DM) interaction. The spin canting resulting from the DM interactions gives rise to the weak ferromagnetic properties in the LTT structure of Nd2NiO4.11 below the magnetic ordering temperature as discussed with macroscopic magnetization measurements in the next section. Refined values of α2 at 300 K and 2 K are 7.7˚ and 8.4˚ while for stoichiometric Nd2NiO4.0, it is found to be 10.5˚ at 2 K. It is at first sight surprising to find the LTT-type structure for Nd2NiO4.11 compound, since no significant disorder is introduced in the long-range NiO6 octahedron tilting pattern by such a considerable amount of interstitial oxygens. Furthermore, no superstructure reflections were observed in the x-ray powder diffraction patterns down to 2 K, indicating the absence of longrange ordering of excess oxygen atoms in the investigated temperature range. This observation is in strong contrast with that reported for iso-structural La2NiO4+δ in which one-dimensional (1D) ordering of excess oxygens is observed for similar concentrations [33] .
The temperature dependence of the unit cell volume (inset of Fig. 2(a) ) is fitted with a quasiharmonic Debye model [50] (Eq. (1))
where A and V0 are constants and ΘD is the Debye temperature, indicating the thermal expansion to be mainly dominated by phonon contributions. The Debye temperature could be fitted to ΘD = 414(41) K in agreement with that reported for other K2NiF4-type nickelates [44] .
For a more detailed structural analysis, especially in view of a precise analysis of the apical oxygen displacements, least-square refinements of single crystal neutron diffraction were performed. Results are summarized in table I and are in good agreement with those obtained from the powder diffraction data. The δ value in the single crystal is refined to be 0.097 (10) . A detailed inspection of the apical oxygen atoms yield an occupancy corresponding to an overall apical site stoichiometry of 1.80(1) at ambient and 1.71(2) at 55K, i.e. 10% and 15% less than the stoichiometric occupation, while at the same time the occupancies for the equatorial oxygen atoms correspond very closely to the ideal stoichiometry. The presumed under-stoichiometry is, however, not real but an artefact, related to strong and anharmonic distortions of the Oap, which can no longer be described in a harmonic approach. The crystal structure using harmonic displacement factors (probability 85%) is visualized in Fig. 1 , while a more sophisticated data analysis using the Maximum Entropy Method is given in Figs. 3(a)-(e), also comparing to the NPD data. The refinement given in Table I is Shannon [52] . These findings also indicate strong displacements of Oap in the [110]-direction inside the rock salt layer, favoring an easy oxygen diffusion pathway between apical and vacant interstitial sites, in agreement with a theoretically predicted push-pull diffusion mechanism reported in [14, 53] . From a methodological aspect, it is also interesting to state that only highresolution diffraction data up to 0.9 Å -1 allowed to visualize such important structural details, which do not emerge from the NPD data, obtained up to 0.66 Å -1 only. It is noteworthy that a similar disorder scenario of the apical oxygen atoms has been reported for Pr2NiO4.09 at roomtemperature [10] , from single crystal neutron diffraction studies, suggesting this type of disorder to be a general feature, commonly occurring in K2NiF4-type oxides [54, 55] and field cooled (FC) configurations in the temperature range of 2-320 K with 1 T magnetic field. Inverse magnetic susceptibility curves are presented in Fig. 4(a) . An anomaly is observed in both curves around the magnetic ordering temperature TN related to the long-range antiferromagnetic ordering of the Ni-sublattice. The magnetic ordering temperature TN is found to be 53 K from the dχ -1 /dT curve as shown in the inset of Fig. 4(a) . Thus, additional oxygen doping largely suppresses TN as it is reduced from 330 K in Nd2NiO4 [56, 57] to 53 K in Nd2NiO4.11. However, we did not find any evidence of long-range magnetic ordering of the Nd-sublattice in the susceptibility data. Above 150 K, a linear fit of χ -1 as a function of temperature was made to the following Curie-Weiss law: contribution is expected to be very small and the core diamagnetic contribution is estimated to be ~ -0.1×10 -3 emu. mol -1 . Therefore, the temperature independent term is mainly dominated by the Van Vleck contribution resulting from the crystal field levels of Nd 3+ and from Ni 2+ ions. ( , ) = 0 ( ) + ( )
where χdif (T) is the high-field differential susceptibility, Ha the applied magnetic field and M0(T) the extrapolated spontaneous magnetization. Linear fits were made in the 0-3 T region so that the extrapolated spontaneous magnetization is close to the remanence at each temperature. The temperature dependence of M0(T) is shown in Fig. 5(a) . M0(T) starts to depart from zero just below 50 K and smoothly increases down to 25 K followed by a strong increase down to 2 K. Similar behavior of M0(T) in undoped Nd2NiO4 was described by the evolution of the weak ferromagnetic component of the Ni 2+ magnetic moments along the c-axis [56] .
Furthermore, this weak ferromagnetic component polarizes the Nd 3+ magnetic moments (through the Nd-Ni interactions), which contribute to the observed increase of the spontaneous magnetization. The full ferromagnetic hysteresis curve obtained at 2 K is shown in the inset of Fig. 5(a) , where it is evident that the remanence magnetization (~ 4.94 emu/g) and coercive field (~ 0.3 T) are strongly decreased with oxygen doping. As for undoped Nd2NiO4 [56] , the remanence is ~ 15 emu/g and the coercive field is higher than 1 T at 4. where all the sums are extended to nearest neighbours, except for the second one which is extended to next nearest neighbours. JNi-Ni and DNi-Ni stands for the in-plane symmetric and antisymmetric DM Ni-Ni superexchange interactions, respectively. J´Ni-Ni stands for the magnetic interactions between two adjacent NiO2 planes along the c-axis, while JNd-Ni is the isotropic symmetric antiferromagnetic Nd-Ni superexchange coupling constant (cf. Fig. 6(b) ).
In Eq. (5), the magnetocrystalline anisotropy and Nd-Nd superexchange terms are ignored for simplification. In a first order approximation, the magnitude of the DM interaction is directly proportional to the displacement of Oeq2 atoms from the basal plane, i.e. largely depends on the angle α2 as shown in Fig. 1(b) and further outlined in Fig. 6(c) . Rietveld refinements of NPD data of Nd2NiO4.11 revealed that α2 is decreased by 2˚ at 2 K compared to the Nd2NiO4.0, which is consistent with the observed decrease in the magnitude of the ferromagnetic component.
Therefore, our NPD and magnetization data reveals a strong modification in the DM interactions, allowing a spin canting, through the subtle change in the tilting pattern of NiO6 octahedra of LTT structure with oxygen doping in Ln2NiO4+δ compounds. 
Magnetic structure
Temperature dependent NPD data reveals the appearance of commensurate superstructure reflections below 50 K. These reflections can be indexed with a propagation vector k = (100) with respect to the tetragonal chemical unit cell. These reflections are related to the long-range magnetic ordering of Ni-sublattice. Fig. 6(a) shows the variation of the integrated intensity of (101) magnetic reflection with temperature. The (101) magnetic reflection is predominantly related to contributions of Ni-magnetic moments. Therefore, the temperature evolution of (101) magnetic reflection confirms the onset of magnetic ordering of Ni-sublattice around 50 K, in agreement with our dc magnetic susceptibility data. The concave upward shape of the integrated intensity of the (101) reflection indicates that the magnetic moment for the Ni is not saturated, even at 2 K. The magnetic ordering of the Nd-sublattice below 10 K is confirmed from the temperature evolution of NPD patterns as plotted in Fig. 7 . The (103) magnetic reflection mainly arises from the magnetic ordering of the Nd sublattice. We note that the (103) magnetic reflection is overlapped with (112) nuclear Bragg peak as shown in Fig. 7 . However, the nuclear structure factor of the (112) reflection is close to zero, and any structural transition at low temperature is excluded from our SXRPD data. Therefore, the sharp increase in the intensity of the (103) reflection between 2 and 10 K in the NPD data, as presented in the inset of Fig. 2(b) , clearly suggests the magnetic ordering of the Nd-sublattice. Another indication of Nd 3+ ordering can be inferred from the substantial increase in intensities of magnetic reflections at higher Q (= 4πsinθ/λ ~ 2.51 Å -1 ) where the magnetic form factor of Ni 2+ is low. Additional incommensurate superstructure reflections are also observed in the NPD data below 30 K.
Potential origins of these incommensurate reflections are discussed in the next section.
We now discuss the commensurate magnetic structure of Nd2NiO4.11. The possible magnetic structures compatible with the P42/ncm space group allowed by (100) propagation vector are obtained by applying representation theory using the program BasIreps included in FullProf suite program, the results are presented in the appendix. All the symmetry operations related to the P42/ncm space group are listed in Table II while The neutron diffraction pattern collected at 2 K on DMC was used to determine the commensurate magnetic structure. The NPD data was refined using the Γ7 magnetic model combining with the LTT structural model. The observed and calculated diffraction profiles are presented in Fig. 2(b) and the resulting magnetic structure is visualized in Fig. 6(b) . Refined magnetic parameters are listed in table S-I of the Supplemental Material at [35] . In the Γ7 magnetic mode, the spin direction in the basal plane coincides with the [110] tilt axis of the NiO6 octahedron of the LTT phase. Ni 2+ and Nd 3+ moments are slightly canted away from the basal plane towards the c-axis to produce an effective ferromagnetic component. However, because of its small value, we were unable to refine the c-axis component of the magnetic moment with our NPD data. Its existence (~ 0.08 μB/formula unit) was, however, unambiguously determined by means of isothermal magnetization measurements as discussed in the previous section. Refined ordered magnetic moments of Ni and Nd sites are 1.14(8) μB and 1.63(5) μB at 2 K, respectively. The refined magnetic moments of the Ni 2+ and Nd 3+ ions are respectively 28% and 50% smaller than the values reported for the stoichiometric compound (ordered magnetic moments of the Ni 2+ is 1.59 μB and of the Nd 3+ is 3.2 μB at 1.5 K) [25] . Please note that both, Ni 2+ and Nd 3+ ions are far from magnetic saturation even at 2 K in Nd2NiO4.11, as visible with the integrated intensity of (101) magnetic peak in Fig. 6(a) . A possible explanation of reduced magnetic moment for the Ni-site could be deduced by considering the location of injected holes in the magnetic lattice due to oxygen doping. If the holes are Ni-site centered (that is, Ni 3 7 ), as in the case of site-centered stripes in La2NiO4+δ [30, 58] , the presence of Ni 3+ ions will reduce the saturated moment of the Ni-site.
However, if the holes are bond centered (that is, Ni 3 8 ), i.e. occupying one of the equatorial oxygen site, as is the case of bond-centered stripes in La2NiO4+δ [30] , the excess holes located at the oxygen sites cause a ferromagnetic coupling between the neighboring Ni 2+ spins, which is in competition with the normal antiferromagnetic superexchange interaction. The resulting frustration will also reduce the ordered moment of the Ni-site. In contrast, the reduction of the Nd 3+ magnetic moment is mainly due to changes in the crystalline electric field on the rareearth site, as a consequence of double negatively charged Oint ions in tetrahedral sites. These interstitial oxygen atoms strongly perturb the crystal-field levels of Nd 3+ ions. Even if a quantitative estimation of this effect is out of the scope of this work, important changes of the crystal-field splitting of the J multiplet of the Nd 3+ are expected, which can affect the saturation value of the Nd 3+ magnetic moment.
In this context, it is important to point out the influence of the observed structural changes due to the oxygen over-stoichiometry on magnetic superexchange interaction parameters i.e. JNi-Ni; the intra-plane symmetric antiferromagnetic Ni-Ni superexchange interaction (see Fig. 6(b) ) and J′Ni-Ni; the interplane Ni-Ni superexchange interaction (see Fig. 6(b) ). The JNi-Ni interaction predominantly depends on two parameters: the superexchange angle (φ) and the superexchange distance (d) (see Fig. 6(c) ). The tilting angle of NiO6 octahedron decreases with oxygen doping, therefore, φ changes from 158˚ to 163˚ and dNi-Oeq2 changes from 1.9668(6) Å to 1.9514(7) Å at 2 K. With these values, however, a relative increase in JNi-Ni of 6% is expected on switching from Nd2NiO4.0 to Nd2NiO4.11. 3D magnetic order appears mainly because of the interplane magnetic interaction J′Ni-Ni, which essentially depends on the Ni-Oap bond length and the distance between two nearest interplane apical oxygen atoms (Oap-Oap) through which superexchange occurs. The expansion of the rock salt (Nd-Oap) layer and the change in the Ni-Oap bond length (only increased by 0.002 Å at 2 K) is not significant due to incorporation of excess oxygen atoms. Therefore, only a negligible change in J′Ni-Ni parameter is expected on switching from Nd2NiO4 to Nd2NiO4.11. It is evident that structural changes associated with oxygen doping cannot explain the observed reduction in 3D magnetic properties completely. Therefore, with our NPD study, we reveal that antiferromagnetic JNi-Ni and J′Ni-Ni interactions are mainly influenced by the incorporated disorder in the magnetic lattice due to injected holes and not directly related to the interstitial oxygen atoms themselves like in the doped cuprates. In addition to the commensurate magnetic reflections, additional weak incommensurate reflections are observed at T ≤ 30 K. One potential origin of these incommensurate reflections could arise from a 2D/3D ordering of excess oxygen atoms, as previously reported for oxygen intercalated Ruddlesden-Popper type cuprates, nickelates and cobaltes [16, 31, 33, 55, 59] .
However, the ordering temperature of excess oxygen atoms in these compounds, had usually been found to be close to 300 K. Therefore, the appearance of these incommensurate reflections in our data is likely not due to such oxygen ordering taking place at 30 K. A closer inspection reveals that they only have intensities in the low q regime of the NPD data. Furthermore, these reflections are not present in our synchrotron XRPD data (see the inset of Fig. 7) , strongly suggesting a magnetic origin. The positions of these incommensurate reflections could, however, not be related to wave vectors, associated to stripe magnetic order as reported for oxygen intercalated La2NiO4+δ compounds [32] . They are supposed to be related with the magnetic ordering of the Ni 2+ , Ni 3+ and Nd 3+ spins. In Fig. 6 (a) the integrated intensities of four intense incommensurate reflections as a function of temperature are outlined, as observed from the NPD data. The fact that the second and third incommensurate magnetic peaks appear below, whereas the first and fourth magnetic reflections appear above 10 K, is most probably related to Nd 3+ and Ni 2+ /Ni 3+ ordering respectively. A quantitative analysis of the incommensurate magnetic phase is, however, beyond this powder diffraction work. A more dedicated single crystal neutron diffraction study combined with neutron polarization analysis is required to uncover the incommensurate phase detected in oxygen over-stoichiometric Nd2NiO4.11. 
IV. CONCLUSIONS
The subtle modifications in the crystal structure and magnetic properties as a function of oxygen content (δ) in Ruddlesden-Popper K2NiF4-type nickelates are not yet fully understood.
In this context, we have addressed the influence of oxygen over-stoichiometry δ on the crystal structure and magnetic properties of Nd2NiO4.11 in the temperature range of 2-300 K. We revealed that for Nd2NiO4.11 the extra oxygen atoms selectively occupy the regular interstitial Nd8 (-x+1/2, x, z+1/2). The basis vectors belonging to each irreducible representation are presented in Table IV . 
